A number of bacterial species, mostly proteobacteria, possess monothiol glutaredoxins homologous to the Saccharomyces cerevisiae mitochondrial protein Grx5, which is involved in iron-sulphur cluster synthesis. Phylogenetic profiling is used to predict that bacterial monothiol glutaredoxins also participate in the iron-sulphur cluster (ISC) assembly machinery, because their phylogenetic profiles are similar to the profiles of the bacterial homologues of yeast ISC proteins. High evolutionary cooccurrence is observed between the Grx5 homologues and the homologues of the Yah1 ferredoxin, the scaffold proteins Isa1 and Isa2, the frataxin protein Yfh1 and the Nfu1 protein. This suggests that a specific functional interaction exists between these ISC machinery proteins. Physical interaction analyses using low-definition protein docking predict the formation of strong and specific complexes between Grx5 and several components of the yeast ISC machinery. Two-hybrid analysis has confirmed the in vivo interaction between Grx5 and Isa1. Sequence comparison techniques and cladistics indicate that the other two monothiol glutaredoxins of S. cerevisiae, Grx3 and Grx4, have evolved from the fusion of a thioredoxin gene with a monothiol glutaredoxin gene early in the eukaryotic lineage, leading to differential functional specialization. While bacteria do not contain these chimaeric glutaredoxins, in many eukaryotic species Grx5 and Grx3/4-type monothiol glutaredoxins coexist in the cell.
Introduction
Glutaredoxins are thiol oxidoreductases that regulate the redox status of protein sulphydryl groups using glutathione as hydrogen donor (Holmgren, 1989) . They differ from thioredoxins in that the latter use NADH as hydrogen donor via thioredoxin reductase. Dithiol glutaredoxins are small proteins, with a conserved two-cysteine active site, that catalyse the reduction of disulphide bonds in a two-step reaction involving an intermediate mixed disulphide between the target protein and the glutaredoxin molecule (Bushweller et al., 1992; Holmgren and Aslund, 1995) . Saccharomyces cerevisiae cells contain two cytoplasmic dithiol glutaredoxins, Grx1 and Grx2, which are involved in the defence against oxidative stress (Luikenhuis et al., 1997) . They are not required for normal cell growth, except in the absence of the two cytoplasmic thioredoxins, Trx1 and Trx2 (Draculic et al., 2000) . More recently, a family of three monothiol glutaredoxins (Grx3, Grx4 and Grx5) has been described in S. cerevisiae (Rodríguez-Manzaneque et al., 1999) . They have an active site with a single 
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cysteine (Cys-Gly-Phe-Ser) that is conserved in homologous proteins identified in many organisms that range from bacteria to humans . These monothiol glutaredoxins could participate in the deglutathionylation of mixed disulphides formed between sulphydryl groups in the target protein and the cysteinyl residue of glutathione, using the single cysteine residue at the active site (Rahlfs et al., 2001; Herrero and Ros, 2002) .
Of the three monothiol glutaredoxins in yeast, only Grx5 has been assigned a function in the cell. It participates in the formation of iron-sulphur (Fe-S) clusters in the mitochondria , together with the matrix mitochondrial proteins Nfs1 (cysteine desulphurase), Isu1/Isu2, Isa1/Isa2, Ssq1 and its co-chaperone Jac1, Yah1 (ferredoxin), Arh1 (ferredoxin reductase), Nfu1 and Yfh1 (reviewed in Lill and Kispal, 2000; Mühlenhoff and Lill, 2000 ; see also Mühlenhoff et al., 2002) . The ABC transporter Atm1 (localized at the mitochondrial inner membrane) and the intermembrane space protein Erv1 participate in the export of Fe-S clusters for extramitochondrial proteins. All the above proteins constitute the so-called ISC (iron-sulphur cluster assembly) machinery.
Phylogenetic profiling, i.e. the pattern of cooccurrence of genes across genomes, is a tool that allows predictions to be made about the functional relationship of the respective protein products (Gaasterland and Ragan 1998; Pellegrini et al., 1999) . Groups of genes that are involved in the same or related functions, or are part of the same cellular structure, tend to co-evolve and to have homologues in the same subset of organisms. Other types of genomic context information can also be used for computational prediction of protein function, such as the fusion of genes into a single open reading frame, the conservation of gene order, the co-occurrence of genes in potential bacterial operons, or the co-occurrence of protein products in the same eukaryotic cell compartment (Marcotte et al., , 2000 Huynen et al., 2000) . The evolutionary co-occurrence of genes can help to discriminate between subsets of protein products sharing a general function, and to establish different subprocesses in which members of these subsets would display stronger functional relationships and/or even establish physical interactions (Huynen et al., 2000; Ettema et al., 2001) . Phylogenetic profiling (in parallel with biochemical approaches; Chen et al., 2000; Mühlenhoff et al., 2002) has been used to determine that the yeast frataxin protein Yfh1 has a direct role in Fe-S cluster assembly , because prokaryotic orthologues of Yfh1 have a similar profile to orthologues of Jac1, Isa1/2 and Yah1.
In this work we determine the phylogenetic profile of Grx5 and its prokaryotic homologues, and compare it with the profiles of other proteins participating in Fe-S cluster synthesis, in order to establish the subset of proteins that display a more similar profile to Grx5. We also make a computational analysis of potential physical interactions between Grx5 and other ISC proteins, which is paralleled by studies of in vivo interactions. These data are analysed to specify the functional role of Grx5 in Fe-S cluster biosynthesis. Additionally, we present evidence for the fusion of a thioredoxin gene with a monothiol glutaredoxin gene early in the eukaryotic lineage, leading to differential functional specialization between Grx5 and Grx3/Grx4.
Materials and methods
For homology comparisons of the individual proteins shown in Figure 3 , PSI-BLAST (version 2.2.4) searches (Altschul et al., 1997) were done (three iterations, E = 0.001), using the National Center of Biotechnology Information (NCBI) GenBank database (Benson et al., 2001; August 2002 version) . Positive sequences were inspected manually for the presence of residues that are essential for the biological activity of the proteins, in cases where these were known. Sequences lacking these residues were considered non-homologous.
Multiple sequence alignments were carried out with the ClustalW programme (Thompson et al., 1994) . Internal gaps were not eliminated, and the Blosum80 matrix option was used for alignment. ClustalW alignments were bootstrapped 1000 times and, using maximum parsimony, phylogenetic trees were calculated for the bootstrapped sets. Majority consensus trees were built from these sets and are presented in Figures 1C and 2 . The treatment of ClustalW alignments to obtain the consensus trees was done using the PHYLIP suite of programmes (Felsenstein, 1993) .
Prediction for protein mitochondrial location was done using the Mitoprot programme (Claros and Vincens, 1996) . Only proteins with scores higher than 0.8 were considered positive. Whole-proteome phylogenetic profiling was done using proteomes from the Institute for Chemical Research of Kyoto University (KEEG) and GenBank databases. The proteome of all organisms described in the KEGG database (version 23.0) was completed with information from the GenBank database (August 2002 version) . Homology searches for each of the S. cerevisiae proteins in each of the other proteomes was done running version 2.2.4 of PSI-BLAST locally, with parameters E = 0.001 and three iterations. Taking as reference the vector for the Grx5 protein (or its Buchnera homologue), we calculated the index of co-occurrence for all proteins as given by: CI = δ ij−iGrx5 /total number of organisms where δ ij−Grx5 is the Kronecker delta function, taken to be 1 if Grx5 and protein j both have (or do not have) homologues in the proteome of organism i, and 0 otherwise.
Models for the three-dimensional structure of the proteins of interest have been obtained using 3D-JIGSAW (Bates et al., 2001) . The docking experiments were then performed using GRAMM (Vakser and Jiang, 2001) . Two-hybrid analyses were carried out as described in Rodríguez-Navarro et al. (2002) , using a pGBT9 derivative that expressed the Gal4 (DNA binding domain)-Grx5 fusion and a number of pACT2 derivatives that expressed the Gal4 (activation domain) fused to individual ISC proteins. In vivo interactions between both proteins were determined by measuring β-galactosidase activity (Rupp, 2002) .
Results

Structural relationship between the yeast monothiol glutaredoxins Grx3, Grx4 and Grx5
The three monothiol glutaredoxins of S. cerevisiae differ in their structure. Grx5 contains a glutaredoxin (Grx) module that is fused to an N-terminal mitochondrial targeting sequence ( Figure 1A ) . The Grx module is conserved in many organisms, from bacteria to humans . In the latter, it has been named PICOT homology domain, after the PICOT protein (a negative regulator of protein kinase C-θ ) (Witte et al., 2000) . Grx3 and Grx4 lack the mitochondrial targeting sequence, a fact that correlates with their non-mitochondrial location (as predicted by MITOPROT analysis) and their failure to rescue the phenotype resulting from Grx5 deletion Bellí et al., 2002) .
Grx3 and Grx4, but not Grx5, also contain an N-terminal thioredoxin (Trx) domain ( Figure 1A ). This domain is present in many eukaryotic homologues of Grx3/Grx4, including the PICOT protein, but it is absent in all their prokaryotic homologues . Closer analysis of the Trx domain extension ( Figure 1B) shows that it is homologous to a significant part of the thioredoxin molecules, but it lacks the first cysteine residue that is characteristic of the thioredoxin active site (WCGPCK) and is essential for thioredoxinmediated dithiol protein reduction (Holmgren, 1989; Powis and Montfort, 2001 ). However, other amino acids in the active site region, including the second cysteine, are conserved when compared with the three genuine thioredoxins of S. cerevisiae ( Figure 1B) . The above observations strongly suggest that Grx3/Grx4 and their eukaryotic homologues derive from the fusion of a thioredoxin domain to a monothiol Grx module in an eukaryotic ancestor after separation from prokaryotes. Comparing the amino acid sequences from the Trx module in Grx3 and Grx4 with those from a number of genuine thioredoxin molecules provides further support for this prediction. The maximum parsimony phylogenetic consensus tree (calculated using PHILIP; Felsenstein, 1993) for the ClustalW alignment ( Figure 1C) shows that the Trx module of the two yeast glutaredoxins has diverged at an early stage from all the eukaryotic genuine thioredoxins included in the analysis. This further supports an early separation of the Grx3/Grx4 Trx module from the other thioredoxin domains within the eukaryotic line, by fusion of Trx to an ancestor monothiol glutaredoxin and separate evolution. The fact that no bacterial species contains molecules with the Trx-Grx structure argues against the presence of this type of molecule in the endosymbiotic ancestor of eukaryotes.
Comparison of prokaryotic and eukaryotic monothiol glutaredoxins
We extended the comparison of proteins containing the monothiol Grx domain characteristic of Grx5 to a total of 26 proteins from the NCBI and KEEG databases. Thirteen of these were prokaryotic (12 bacteria plus one archaean, all of them with a single Grx domain not fused to any Trx domain), and 13 were eukaryotic. Among the latter, seven sequences contained an additional Trx domain in the N-region. Only the Grx domains without extensions were used to generate a tree after ClustalW alignment (Figure 2 ). In parallel, we predicted the cellular location for each of the eukaryotic protein sequences. All the eukaryotic proteins with the Trx-Grx structure (included Grx3 and Grx4) group together in the tree and none of them is predicted to be mitochondrial.
Grx5 is in a separate group from the eukaryotic Trx-Grx molecules, together with homologues from other eukaryotic organisms (Figure 2 ). The group includes the only sequenced archaean that has a monothiol glutaredoxin (Halobacterium sp.). With the exception of the latter, all the proteins grouped in this cluster have a single monothiol Grx domain and are predicted to be in the mitochondria.
It is significant that the monothiol glutaredoxin of the α-proteobacterium Rickettsia prowazekii, proposed to be the closest fully sequenced relative to the endosymbiotic ancestor of mitochondria (Andersson et al., 1998) , has separated early from all other sequences (Figure 2) .
The above results further support the idea that duplication of an ancestor monothiol glutaredoxin gene, followed by fusion of a Trx module to one of the duplicated Grx genes, occurred early during eukaryotic evolution after endosymbiosis, probably with a Rickettsia ancestor. This would explain why molecules with the Trx-Grx structure are found in eukaryotic groups that range from unicellular fungi to plants and mammals. The absence of a Trx-Grx monothiol glutaredoxin gene in some eukaryotic fully sequenced genomes, such as that of Caenorhabditis elegans, could be explained by loss of the Trx domain at genome level rather than by repeated Trx-Grx fusion events in the eukaryotic lineage.
Phylogenetic profiles of Grx5 homologues and other proteins involved in Fe-S cluster assembly
Based on the fact that Grx5 participates in the synthesis of Fe-S clusters at the mitochondrial matrix , we studied the co-occurrence of Grx5 homologues with homologues of the other yeast mitochondrial proteins participating in the synthesis of the clusters. We used 67 completely sequenced prokaryotic chromosomes (51 bacteria plus 16 archaeans) for the analysis (Figure 3 ). Grx5 homologues are present in all the proteobacteria except the ε group, in common with most of the other Fe-S-assembly proteins studied. Besides proteobacteria, only the two cyanobacteria species analysed plus Halobacterium sp., contain Grx5 homologues. Among the other Fe-S cluster synthesis-related proteins, Isa1 and Jac1 have the phylogenetic profiles that are more similar to that of Grx5, followed by Yfh1 and Nfs1 (Figure 3) . On the contrary, Arh1 and Ssq1 gave the most disimilar patterns to Grx5.
Although Grx5 homologues are absent in many bacteria where there are Ssq1 homologues, Ssq1 homologues are always present in bacteria with Grx5 homologues. In S. cerevisiae, overexpression of Ssq1 rescue the defects caused by the lack of Grx5, which points to a close functional relationship between Ssq1 and Grx5 in yeast cells . Furthermore, low-definition protein docking experiments predict that these two molecules form specific protein complexes that may help to fold/stabilize Grx5 as a functional protein (see below).
The case of Arh1 (ferredoxin reductase) is different from that of Ssq1. Arh1 homologues are found in many organisms where no Grx5 homologues are found and vice versa. This indicates that Arh1 functional homologues are not necessarily sequence homologues, suggesting a case of convergent evolution for the ferredoxin reductase activity between different organisms. To further support this, it is known that Arh1 in S. cerevisiae is a sequence homologue to the eukaryotic NADPdependent adrenodoxin reductase (Manzella et al. 1998 ) while in many bacteria there is no such homology. For example, the Buchnera Arh1 functional homologue (gene BU581, SwissProt entry P57641) has no sequence similarity to the S. cerevisiae Arh1 ferredoxin reductase, according to the Iteralign algorithm (Brocchieri and Kerlin, 1998) .
As a control, in the study we included three mitochondrial proteins of S. cerevisiae that are not involved in Fe-S cluster synthesis. Trx3 is a mitochondrial thioredoxin (Pedrajas et al., 1999) , Cox1 is the cytochrome c oxidase subunit I, encoded by a mitochondrial gene (Lemaire et al., 1998) , and Pdb1 is the pyruvate dehydrogenase β-subunit (Miran et al., 1993) . Homologues of these three proteins exist in a wider range of prokaryotic microorganisms than Grx5 homologues (Figure 3) , even in the case of a mitochondriallyencoded protein such as Cox1. This shows that the phylogenetic profile of a protein is not necessarily determined by the mitochondrial character of the protein.
The γ -proteobacterium Buchnera sp. contains the smallest fully sequenced genome (Shigenobu et al., 2000) that encodes for a Grx5 homologue (Figure 3) . Therefore, we made a PSI-BLAST comparison of the products of the 564 coding genes of Buchnera sp. APS against all the proteins from 79 genomes (55 bacteria, 14 archaeans and 10 eukaryotes) deposited in non-overlapping KEGG and NCBI databases. For each protein pair formed by the Buchnera sp. Grx5 homologue (gene BU187) and any other protein from this bacterium, we calculated the index of co-occurrence, i.e. the fraction of organisms in which homologues of both proteins are simultaneously present or absent. Five Buchnera sp. proteins have an index of co-occurrence with Grx5 higher that 0.85. Two of them are the homologues of the Yah1 ferredoxin and Isa1, respectively. These and the above results therefore support the idea that, among bacteria, a number of Fe-S cluster biogenesis-related proteins, particularly the Yah1 and Isa1 orthologues, have closely co-evolved with the Grx5 orthologue. The determination of the index of co-occurrence, referred to Grx5 and its homologues, was extended to all the S. cerevisiae open reading frame products and the respective homologues present in the same 79 genomes as above. An index of 0.8 or higher was obtained for 52 S. cerevisiae proteins. It is to be expected that proteins functionally interacting with Grx5 would share cellular location. Therefore, only the subset of mitochondrial proteins was further considered. This leaves a total of 24 yeast mitochondrial proteins with an index of co-occurrence with Grx5 above the 0.8 threshold (Table 1) . Among these, five are involved in the assembly of Fe-S clusters: Yah1, Isa1, Isa2, Nfu1 and Yfh1. Remarkably, the first four of these proteins display a high co-occurrence pattern with Yfh1, as shown in a previous study . The results reinforce the proposed role of Grx5 in the assembly of Fe-S clusters , in close relationship with a subset of proteins that includes the Yfh1 frataxin. Two other proteins that also have a high index of co-occurrence, as shown in Table 1 , are Oct1 and Prd1. These are functionally redundant mitochondrial intermediate peptidases that participate in the final maturation of imported peptides in the mitochondria (Isaya et al., 1994; Neupert, 1997) . The importance of Oct1 in the maturation of the Fe-S-containing protein cytochrome bc 1 has been shown (Isaya and Kalousek, 1995; Nett et al., 1997) , as well as the functional interaction between Oct1 and the Yfh1 frataxin (Branda et al., 1999) . Altogether, the results suggest that Oct1/Prd1 could be important for Grx5 maturation/import into mitochondria.
Protein interaction prediction between Grx5 and proteins involved in Fe-S cluster assembly
Determining the existence of strong specific protein complexes between Grx5 and other components of the ISC machinery in yeast would support the proposed role of Grx5 and establish hierarchical relationships with a subset of these components. Because there is no available three-dimensional structure (determined by nuclear magnetic resonance or X-ray crystallography analyses) for any of the Fe-S cluster synthesis proteins of S. cerevisiae, we used 3D-JIGSAW (Bates et al., 2001) to obtain predictions for these structures. We then used low definition protein docking (Vakser and Jiang, 2001 ) to predict the strength and stability/specificity of the strongest complexes between Grx5 and other ISC proteins (Table 2) . Highest values for complex strength and specificity were obtained for Grx5 interactions with Arh1, Ssq1 and Isa1. Importantly, these values were comparable with the positive control between Yah1 and its reductase Arh1 (Table 2) . We made another test to investigate the validity of the algorithms used. Bovine ferredoxin and ferredoxin reductase form a complex that has been determined by X-ray crystallography (Protein Database, entry No. 1E6E). We applied the GRAMM docking algorithm to the two separate proteins and recovered the same complex as the experimentally determined one (data not shown). A final positive control was done by docking the signal peptide of yeast malate dehydrogenase to its processive protease and recovering a complex that is approximately the crystallized one (Protein Database, entry No. 1HR9).
Other proteins showing high evolutionary cooccurrence with Grx5 in Table 1 were also analysed for their interactions with this glutaredoxin. Among these, only complexes with Oct1 or Prd1 are predicted to be both strong and stable/specific (Table 2) , with Oct1 giving the highest score. Altogether, the results support the direct involvement of Oct1/Prd1 in Grx5 import/maturation. As negative controls, we included the strength and specificity parameters of the respective pairs formed by Grx5 and each of five mitochondrial proteins (Rex2, Cyt1, Lip2, Atp16 and Cox11), which are not related with Fe-S cluster biosynthesis (Table 2) .
Two-hybrid analyses confirm the physical interaction between Grx5 and Isa1
In order to confirm the predicted interaction between Grx5 and other ISC components, we carried out directed two-hybrid analyses involving Grx5 (fused to the DNA binding domain of Gal4) and any of the other known ISC components as the partner fused to the Gal4 activator domain. Using β-galactosidase activity as reporter for in vivo interactions, we observed positive interaction of Grx5 with Isa1 (Figure 4 ), but not with other ISC components (not shown). It is remarkable that with the above assay, the Grx5/Isa1 interaction was almost as strong as the well known interaction between Snf1 and Snf4 proteins that was used as a positive control. The negative results with other ISC components could reflect the absence of other real in vivo interactions, or rather the fact that in the present assay only interactions that are stable in the cell nucleus are readily detected. In any case, our results confirm that Grx5 interacts in vivo with some ISC components.
Discussion
Of the three monothiol glutaredoxins in yeast, Grx5 participates in the formation of iron-sulphur (Fe-S) clusters in the mitochondria , together with other mitochondrial proteins (Lill and Kispal, 2000; Mühlenhoff and Lill, 2000; Mühlenhoff et al., 2002) . These include Nfs1, a cysteine desulphurase that provides sulphur to the Fe-S biosynthetic machinery, as well as Isu1/Isu2 and Isa1/Isa2 (two pairs of proteins that act as scaffolds for the assembly of iron and sulphur into the clusters), and the chaperone Ssq1 and its co-chaperone Jac1 (respectively from the Hsp70 and Hsp40 types). The process of Fe-S synthesis requires NADH as electron donor (Mühlenhoff et al., 2002) , through a transport chain involving the ferredoxin Yah1 and the ferredoxin reductase Arh1. Nfu1 is another mitochondrial protein with a non-characterized partially dispensable role in the Fe-S cluster assembly. The participation of the frataxin Yfh1 protein in the biogenesis of the clusters is object of discussion. Initially, Yfh1 was proposed to participate in the cellular homeostasis of iron because the lack of Yfh1 leads to iron accumulation in the mitochondria (Babcock et al., 1997) . More recent biochemical studies, however, support a direct role of frataxin in the Fe-S cluster assembly, indicating that the mitochondrial accumulation of iron is a secondary consequence of the disruption of the iron assembly into the Fe-S clusters (Chen et al., 2000; Mühlenhoff et al., 2002) . Although synthesis of all the Fe-S clusters occurs at the mitochondrial matrix in yeast, two additional proteins are required for the assembly of the clusters into extramitochondrial proteins: Atm1 is an ABC transporter located at the inner mitochondrial membrane (Kispal et al., 1999) , while the mitochondrial intermembrane space protein Erv1 would operate downstream of Atm1 in the export of the Fe-S clusters destined to the cytosolic or nuclear apoproteins (Lange et al., 2001) . The absence of Grx5 causes phenotypes similar to those caused by the absence of other yeast proteins participating in the synthesis of the clusters, among them defects in the activity of Fe-S enzymes, the incapacity for respiratory growth and the accumulation of iron in the cell . The above proteins constitute the so-called ISC machinery, and many of them have orthologues in prokaryotes, which shows that the process of Fe-S cluster formation arose early in evolution (Mühlenhoff and Lill, 2000) . In bacteria, most of the genes involved are grouped in a single isc operon. Azotobacter vinelandii possesses a second nif operon that codes for proteins specifically involved in the formation of the Fe-S cluster of the nitrogenase (NIF machinery) (Peters et al., 1995) .
No detailed biochemical data exist supporting the idea that Fe-S cluster assembly in S. cerevisiae occurs in a multiprotein complex involving several or all of the ISC proteins. However, the fact that the NFU1 gene has been detected in a synthetic lethal screen with SSQ1 leads to hypothesize that Nfu1 is a direct or indirect substrate of the Ssq1 chaperone (Schilke et al., 1999) . Moreover, physical interaction between Isu1 and Nfs1 has been revealed in a comprehensive mass-spectrometry study of protein-protein interactions in yeast (Ho et al., 2002) , in experimental conditions that support the biological relevance of such interaction. Studies on Fe-S cluster synthesis in Escherichia coli suggest that stable protein-protein interactions are established among components of the ISC machinery . According to those studies, IscU (E. coli orthologue of Isu1) acts as an scaffold for the ISC components . In particular, IscS (Nfs1) participates at an early stage of the Fe-S cluster assembly as a cysteine desulphurase that transfers a sulphur atom from L-cysteine to IscU and then to the Fe-S cluster, in a process where a covalently-bound IscS/IscU complex is formed (Urbina et al., 2001; Smith et al., 2001; Kato et al., 2002) . The process is specifically assisted by the Hsc66 (Ssq1) chaperone and the Hsc20 (Jac1) co-chaperone Hoff et al., 2002) . On the other hand, based on physical chemistry studies, IscA (Isa1) has been proposed as an alternative scaffold to IscU (Krebs et al., 2001) and it forms a functional stable complex with the E. coli ferredoxin (Ollagnier-deChoudens et al., 2001) .
The yeast Grx5 protein is a model for monothiol glutaredoxins formed by a single Grx domain. Homologous proteins with the same domain architecture are present both in prokaryotes and eukaryotes, although the only homologue with a known functional role is Grx5. This paper shows that the phylogenetic profile of Grx5 homologues among prokaryotes is similar to the profiles of a subset of proteins of the ISC machinery, suggesting that prokaryotic Grx5 orthologues are also required for the assembly of the Fe-S complexes. Among bacteria, the ISC machinery is characteristically present in the α-, β-and γ -proteobacteria groups (Mühlenhoff and Lill, 2000) . Homologues of Grx5 are present in those bacterial groups, but absent in other prokaryotes for which fully sequenced genomes exist, with the exceptions of cyanobacteria and Halobacterium sp. The presence of a Grx5 homologue in this archaean may reflect the high frequency of horizontal gene transfer between Halobacterium and bacteria (Korbel et al., 2002) . Although Archaea species contain proteins with Fe-S clusters, these are likely to be synthesized by a third mechanism (in addition to the ISC and NIF machineries) recently characterized (Takahashi and Yokumoto, 2002) . ε-Proteobacteria do not contain homologues of most of the ISC proteins, including Grx5 (Figure 3) . In this bacterial group a NIF-like machinery seems to be responsible for the synthesis of the Fe-S clusters (Olson et al., 2000) .
Our phylogenetic profile studies extend those of Huynen et al. (2001) , which were done for Yfh1 frataxin. The present work indicates that Grx5 homologues have not co-evolved in parallel with all the ISC machinery components in all organisms, pointing to functional specializations. The highest indexes of co-occurrence (larger than 0.80) are observed for Yah1, Isa1, Isa2, Nfu1 and Yfh1, in accordance with a previous study that supported co-evolution of Yfh1 with Yah1, Isa1/2 and Nfu1 ). In addition, for Jac1, an index higher than 0.77 was obtained in our study (data not shown).
The results reported here predict a strong and stable interaction of Grx5 with Ssq1 and Arh1 (the reductase of Yah1) and a stable interaction with Isa1. We have confirmed that the latter interaction occurs in vivo, using two-hybrid analysis. The formation of the Fe-S clusters in the yeast mitochondrial matrix is not well understood, although the recent development of an in vitro assembly assay (Mühlenhoff et al., 2002; 2003) may help in further elucidating this process. Nevertheless, based on the conservation of the function of the ISC machinery throughout evolution (Mühlenhoff et al., 2000) , results from E. coli and A. vinelandii studies (see Introduction and references therein) can be used to suggest the role of individual ISC components in yeast. Isa1 (maybe forming heterodimers with Isa2; Mühlenhoff et al., 2000) could act as a scaffold for the initial assembly of the Fe-S clusters in a Nfs1-directed manner. The process could be assisted by the Ssq1/Jac1 chaperone. Once formed, the Fe-S clusters could be transferred to the Yah1 ferredoxin in a redox process in which Arh1 would be the NADPH-dependent reductase. The roles of Nfu1 and Yfh1 can not be predicted in this scenario, since their biochemical activities are unknown. Given the probable existence of a stable multiprotein complex where these reactions would occur, Grx5 would be part of this complex. As a monothiol glutaredoxin, it catalyses the deglutathionylation of mixed disulphides formed between glutathione and protein sulphydryl groups . Grx5 could act (using a monothiol mechanism) in the reduction of disulphide bonds in the Isa proteins previous to coordination of iron atoms to the reduced cysteine residues of the protein. Alternatively, Grx5 could be necessary for repairing the inactivating mixed disulphides that could be formed, in oxidative conditions, between glutathione and the cysteine residues responsible for iron chelation. The destabilizing action of glutathione on Fe-S clusters has been shown in E. coli (Ding and Demple, 1996) . Our theoretical and experimental results support the existence of a physical interaction of Grx5 with Isa1, but not with Isa2. It should be remarked that Isa1 and Isa2 do not necessarily carry out exactly overlapping functions , which could be related to the fact that sequence homology between both proteins is restricted to some specific regions.
Other aspects of Fe-S cluster biosynthesis are emphasized by our results. First, import and processing of Grx5 into the mitochondria would require the activity of the Oct1 and Prd1 mitochondrial intermediate peptidases, which are predicted to form strong and specific interactions with Grx5. Second, an alternative role for Ssq1 (and Jac1) could be their participation in Grx5 folding during mitochondrial import, a role that could be extended to other ISC components. However, no data exist supporting this Ssq1 role during internalization. Third, although Arh1 is the Yah1 reductase in yeast (and this would explain the predicted interaction with Grx5), this is not a conserved trait along evolution. In fact, the index of co-occurrence between Arh1 and Grx5 homologues is rather low. A different ferredoxin reductase would operate in most bacteria.
Taken together, our results indicate that monothiol glutaredoxins with the simple domain structure characteristic of Grx5 were already present in primitive proteobacteria (except the ε-group), forming part of the ISC machinery. This function of monothiol glutaredoxins was transferred to early eukaryotes through the endosymbiotic ancestor, maintaining their function in the synthesis of Fe-S clusters, at least in yeast species. Besides Grx5, S. cerevisiae cells contain two more proteins (Grx3 and Grx4) in which the monothiol glutaredoxin domain (Grx) is fused to a N-terminal thioredoxinlike (Trx) domain. Homologues with these characteristics are present in many other eukaryotes, but not in prokaryotes. The limited number of fully sequenced eukaryotic genomes prevents the application of the phylogenetic profile approach to Grx3/Grx4. Sequence analyses support the idea that these Trx-Grx molecules resulted from the duplication, early in the eukaryotic lineage, of an ancestral GRX gene followed by the fusion of a TRX gene to one of the duplicated copies. The presence of two different Trx-Grx molecules such as Grx3 and Grx4 in S. cerevisiae would result from a more recent duplication event, specific to the evolutionary line of budding yeast, as the fission yeast and other eukaryotes contain a single Trx-Grx glutaredoxin. The early addition of a Trx module to a glutaredoxin molecule in eukaryotes would have allowed the functional diversification of these molecules from the original Grx function in the ISC machinery, paralleled by differential compartmentation. In fact, in the case of S. cerevisiae, overexpression of Grx3 or Grx4 does not suppress the defects of a null grx5 mutant , while when we target either Grx3 or Grx5 to the mitochondria of these grx5 mutant cells the defects are rescued (our unpublished observations). Therefore, although Grx3 or Grx4 would potentially substitute for the Grx5 function in the ISC machinery, in fact they have separate functions from Grx5. The situation would be similar in other eukaryotes where Grx and Trx-Grx proteins coexist, although in separate compartments. It is interesting to note that the thioredoxin domains of these molecules contain a conserved cysteine in what originally was the thioredoxin active site ( Figure 1B ). This residue may have a regulatory on the activity of Trx-Grx5 molecules, although further work is needed to elucidate the function of these eukaryotic thioredoxin-glutaredoxin chimaeric proteins.
